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ABSTRACT
Upcoming measurements of the highly redshifted 21cm line with next-generation radio telescopes
such as HERA and SKA will provide the intriguing opportunity to probe dark matter (DM) physics
during the Epoch of Reionization (EoR), Cosmic Dawn, and the Dark Ages. With HERA already
under construction, there is a pressing need to thoroughly understand the impact of DM physics on
the intergalactic medium (IGM) during these epochs. We present first results of a hydrodynamic
simulation suite with 2× 5123 particles in a (100 h−1 Mpc)3 box with DM annihilation and baryonic
cooling physics. We focus on redshift z ∼ 11, just before reionization starts in our simulations, and
discuss the imprint of DM annihilation on the IGM and on structure formation. We find that whereas
structure formation is not affected by thermal WIMPs heavier than mχ & 100 MeV, heating from
O(GeV) DM particles may leave a significant imprint on the IGM that alters the 21cm signal. Cold
gas in low density regions is particularly susceptible to the effects of DM heating. We note, however,
that delayed energy deposition is not currently accounted for in our simulations.
Keywords: dark matter – dark ages, reionization, first stars – large-scale structure of Universe –
galaxies: formation – methods: numerical
1. INTRODUCTION
Despite strenuous efforts by the scientific community,
dark matter (DM) still successfully eludes its detection
by state-of-the-art particle colliders such as the LHC
(Abdallah et al. 2015) and underground detectors (Schu-
mann 2019). For decades, weakly interacting massive
particles (WIMPs) have been amongst the most popu-
lar DM candidates (Bertone et al. 2005). These particles
were in a thermal equilibrium with the baryonic plasma
in the very early Universe and froze out as the Universe
expanded. In order to explain the observed relic DM
density, WIMPs should have an annihilation cross sec-
tion at the weak scale where many hypothetical parti-
cles such as the neutralino or the lightest Kaluza–Klein
particle reside – a coincidence commonly dubbed the
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“WIMP miracle”. However, constraints on the WIMP
mass mχ and the annihilation velocity cross section 〈σv〉
from the CMB (Planck Collaboration 2018), from γ-
ray measurements (Ackermann et al. 2015; Albert et al.
2017), and from cosmic ray observations (Cuoco et al.
2017) have excluded large parts of the mχ − 〈σv〉 plane
by now (see Leane et al. 2018 for a combined analysis
that derives the lower bound mχ & 20 GeV for thermal
WIMPs annihilating via s-wave 2→ 2 annihilation into
visible final states).
An exciting prospect is the launch of the upcoming
radio interferometers HERA (Hydrogen Epoch of Reion-
ization Array; DeBoer et al. 2017) and SKA (Square
Kilometer Array; Mellema et al. 2013) that will allow
probing the dark sector in the uncharted redshift range
between the most distant quasars observed to date at
z & 7 (Ban˜ados et al. 2018) and the CMB at z ∼ 1100.
In particular, the spin-flip 21cm line from neutral hy-
drogen, received redshifted in the radio frequencies, is
expected to reveal unprecedented insights into the Dark
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Ages and the Epoch of Reionization (EoR, e.g. Furlan-
etto et al. 2006b; Pritchard & Loeb 2012). Annihilating
DM particles produce standard model particles that de-
posit a fraction of their energy into their surroundings,
thereby heating and ionizing the intergalactic medium
(IGM). Although the contribution of the resulting en-
ergy production to the increase of the free electron frac-
tion xe is small, e.g. . 10% for s-wave and p-wave
annihilation via the channels χχ→ e+e− and χχ→ γγ
(Liu et al. 2016), and is expected to play at most a sec-
ondary role in reionizing the Universe (Lopez-Honorez
et al. 2013; Poulin et al. 2015), DM heating may leave a
detectable imprint on the global 21cm signal and power
spectrum (Furlanetto et al. 2006a). During the Dark
Ages, physics are relatively simple due to the absence
of astrophysical sources, thus providing a pristine test-
ing ground for exotic physics such as DM annihilation.
In contrast, there is a large uncertainty about the pho-
ton sources triggering reionization, and distilling the ef-
fects of annihilating DM on the 21cm line during the
EoR poses a difficult task. While Valde´s et al. (2013)
find that a 10 GeV bino-like particle strongly affects
the global 21cm brightness temperature and Evoli et al.
(2014) report that a 10 GeV leptophilic thermal WIMP
annihilating via χχ→ µ+µ− can be detected by HERA
and SKA, Lopez-Honorez et al. (2016) caution that par-
ticles as light as mχ ∼ 100 MeV are necessary for un-
equivocally ascertaining a signature from DM annihila-
tion in the 21cm signal.
Studying the effects of DM annihilation during the
Dark Ages and the EoR often relies on analytic mod-
els (e.g. Chuzhoy 2008), modifications of recombina-
tion codes such as Recfast (Seager et al. 1999) as in
Cumberbatch et al. (2010); Oldengott et al. (2016), or
adaptations of semi-numerical schemes such as 21cm-
FAST (Mesinger et al. 2011) as done in e.g. Evoli et al.
(2014). The evolution of the density field is commonly
modeled with the Zel’dovich approximation (Zel’dovich
1970), formalisms are invoked for the halo mass func-
tion (HMF, e.g. Press & Schechter 1974; Sheth & Tor-
men 1999), and Navarro–Frenk–White halo profiles are
assumed (Navarro et al. 1997). However, in order to
spatially resolve the complex interplay between heating
and ionization from DM, baryonic cooling physics, hy-
drodynamics, and gravity over the course of cosmic time,
hydrodynamic simulations are an indispensable tool.
In this work, we present the results of a suite of hy-
drodynamic simulations until the end of Cosmic Dawn
with 2 × 5123 particles in a (100 h−1 Mpc)3 box that
incorporate DM annihilation and cooling physics. DM
particles in the simulations deposit energy into the sur-
rounding gas at each time step, the amount depending
on the local dark matter density and the respective DM
candidate. Therefore, no analytic models for the HMF
or halo profiles are required, and the heat generated by
DM annihilation directly affects the evolution of the gas
– unlike when calculating the strength of DM annihila-
tion in a post-processing step. Throughout this paper,
we focus on redshift z ∼ 11, shortly before UV radia-
tion from baryonic sources reionizes the Universe. We
study this epoch for two reasons: first, at a redshift
of z ∼ 11 (corresponding to a received 21cm frequency
of ν ∼ 118 MHz), already the Baseline Design SKA1-
Low (Dewdney et al. 2013) will be able to carry out
21cm imaging at low noise levels, while the image quality
rapidly deteriorates for ν . 100 MHz, i.e. when peering
deeper into Cosmic Dawn (Mellema et al. 2015); and
second, considering the end of Cosmic Dawn allows us
to assume that the Wouthuysen–Field effect is fully sat-
urated (Wouthuysen 1952; Field 1958), irrespective of
the large uncertainty about the emission from the first
astrophysical sources.
We proceed as follows: in Section 2, we briefly intro-
duce our implementation of DM annihilation into the
hydrodynamic simulation code Gizmo; moreover, we
summarize the simulation parameters, the modeling of
baryonic physics, and the investigated DM candidates.
In Section 3, we analyze the density and temperature
distribution of the hydrogen gas; furthermore, we con-
sider the implications of DM heating on the HMF. Fi-
nally, we show the impact of DM annihilation on the
21cm line. We discuss our findings in Section 4 and
examine the validity of the common simplification that
assumes spatially homogeneous DM heating, enhanced
due to substructure by a redshift-dependent boost factor
B(z), in the calculation of the 21cm brightness temper-
ature.
2. SIMULATIONS
For incorporating DM annihilation, we developed a
module for the hydrodynamic simulation code Gizmo
(Hopkins 2015), which is an offshoot of the popular
Gadget series (Springel 2005). The simulations track
the evolution of 5123 N-body gas and DM particles of
masses 1.48 and 7.95 × 108 M, respectively, in a pe-
riodic (100 h−1 cMpc)3 box. The softening length is
taken to be 9.77 h−1 ckpc, and the effective neighbor
number for the reconstruction of hydrodynamic quanti-
ties and for the deposition of DM energy into the sur-
rounding gas is 40. We assume Planck Collaboration
(2016) cosmology and create the initial conditions at
z = 100 with the tool NGenic (Springel 2015), neglect-
ing DM annihilation prior to that redshift. For solving
the Euler equations, we employ the meshless finite mass
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method. Radiative cooling is enabled that accounts for
heating and cooling from H and He ionization and re-
combination, collisional, free-free, and Compton effects,
molecular cooling down to 10 K, and metal line cool-
ing for 11 species (Hopkins et al. 2018; Wiersma et al.
2009), so as to be maximally conservative with regards
to the various cooling mechanisms that counteract the
DM heating. Note that since the cooling times are gen-
erally much shorter than the dynamical times for gas
temperatures . 106 K, galaxy formation has been found
to depend only very weakly on the exact modeling of
cooling physics (Hopkins et al. 2018). Star formation
follows the description in Springel & Hernquist (2003),
and we do not model any stellar feedback in order to
extract the signature of DM annihilation.
For the treatment of DM annihilation, we use the
“donor-based” method presented in List et al. (2019),
in which the energy production is evaluated at each N-
body DM particle (in contrast to the “receiver-based”
method proposed in Iwanus et al. 2017, where the DM
heating is computed at each N-body gas particle). The
generated energy is distributed among the neighboring
gas particles in an (approximately) isotropic way, result-
ing in an instantaneous and localized energy deposition.
It has been shown that delayed energy deposition sup-
presses the heat absorbed by the IGM for annihilation
(Slatyer 2016; D’Amico et al. 2018). However, account-
ing for this effect in N-body simulations would require
the use of tracer particles and introduce new modeling
choices for their interaction with gas particles, magnetic
fields, etc., for which reason we leave this to future work.
The energy produced by each N-body DM particle in the
simulation is given by
dE
dt
= Bf 〈σv〉
mχ
ρχMc
2, (1)
where B is a boost factor accounting for unresolved sub-
structure, f is the energy absorption fraction of the
IGM, ρχ is the local DM density, and M is the mass
of the annihilating N-body DM particle. Since the mass
loss due to DM annihilation is negligible except for ex-
tremely light DM particles, we keep the masses of the
N-body DM particles constant in the simulations. We
assume constant 〈σv〉 as is the case for s-wave annihi-
lation. For presentation purposes, we set B = f = 1
and 〈σv〉 = 3×10−26 cm3 s−1 at the thermal relic value
(Steigman et al. 2012) and view mχ as a varying pa-
rameter, but note that scaling the constituents of the
effective parameter p = Bf〈σv〉/mχ at fixed p results in
the same generated energy in our method; hence, each
of the variables 〈σv〉, mχ, B, and f can be viewed as
a free parameter while keeping the others fixed. The
Figure 1. Gas temperature − density phase space distri-
bution for different DM masses at z = 11, split up into gas
particles bound in haloes (red) and unbound gas particles
(blue). Grey lines in the marginal plots show the ΛCDM
simulation without DM annihilation for reference.
entire energy from DM annihilation in our simulations
is used for heating the gas and does not directly affect
its ionization fraction. We note that the simplifying as-
sumption of f = 1 leads to an overestimation of the
amount of DM heating for a given DM particle mass;
however, within the assumptions made in this work,
namely instantaneous and redshift-independent energy
absorption, a choice of e.g. f = 0.1 instead of f = 1
is equivalent to a ten times larger DM particle mass.
This reinterpretation shall be carefully revisited in fu-
ture work taking into account realistic energy absorp-
tion and computing the energy fractions going into gas
heating, ionization, Ly-α photons, and free-streaming
photons as a function of DM candidate, redshift, and
ionization fraction (see e.g. Evoli et al. 2012; Slatyer
2013, 2016; Liu et al. 2020). We run simulations for
mχ ∈ {1 MeV, . . . , 100 GeV} in logarithmic steps of 10,
but we will focus mostly on the heavy mass range that
is not in tension with current observations.
3. RESULTS
3.1. Heating the cold IGM
Figure 1 shows the temperature – density phase space
distribution of gas bound in haloes (red) and unbound
gas (blue) at z = 11. To identify haloes and the gas
associated with them, we use VELOCIraptor (Elahi
et al. 2019). For all DM masses, there is little change
in the density distribution – even for light DM parti-
cles for which DM heating is significant. For the 1 GeV
case, the minimum temperature of unbound gas parti-
cles increases by two orders of magnitude, resulting in
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Figure 2. Halo mass function for different DM masses at
z = 11. The difference towards the reference ΛCDM simu-
lation without DM annihilation is plotted below. The for-
mation of haloes is largely unaffected by heating from DM
particles with mχ ≥ 100 MeV. The gray line shows the em-
pirical fitting function proposed by Warren et al. (2006) for
comparison.
the unbound gas only spanning roughly one order of
magnitude in temperature as compared to three for the
fiducial model without DM annihilation. Also for heav-
ier DM candidates of masses mχ = 10 − 100 GeV, the
impact of DM heating on the unbound gas particles is
noticeable and still amounts to more than one order of
magnitude in temperature for the cold gas in voids in
the 10 GeV case.
As to gas in haloes, substantial heating is noticeable
for mχ = 1 GeV, and mχ ≤ 10 GeV is still enough for
DM heating to counteract the cooling of hot gas in very
dense regions to temperatures ∼ 100 K. Note that at
z = 11, the mass fraction of bound gas particles amounts
to only 0.012%, and the hot dense gas would barely be
visible in the phase space distribution plot if the distri-
bution of all the gas particles were plotted jointly. Thus,
the primary effects of DM heating occur in regions out-
side of haloes, despite haloes being where the DM den-
sity is high and the feedback from DM annihilation is
consequently the strongest.
3.2. Imprint on structure formation
In order to examine whether the heat generated by
DM annihilation alters the formation of structure, we
compute the HMF for different DM masses (see Figure
2). We adopt the convention ∆ = 200 and define the
virial mass with respect to the critical density ρcrit. For
DM masses mχ & 100 MeV, the impact of DM anni-
hilation on the formation of haloes is small. Only for
very light DM candidates is the heating strong enough
to drive the gas out of haloes, curbing halo formation by
a significant amount. Whereas the HMF in Iwanus et al.
(2019) at high redshift is reduced for a 100 MeV WIMP
in a simulation without baryonic cooling physics, this ef-
fect is largely erased when taking cooling into account,
and the reduction only amounts to ∼ 10% for the small-
est haloes. For haloes consisting of N & 40 particles, the
popular HMF model by Warren et al. (2006), which lies
between the Press–Schechter and Sheth–Tormen mod-
els, matches the reference simulation without DM anni-
hilation well.
We remark that for extremely light DM particles, star
formation is severely impeded as the simulations run
past reionization: for mχ = 1 MeV, barely any stars
form by redshift z ∼ 3.5, and the number of stars is re-
duced by a factor of two for mχ = 10 MeV as compared
to the reference simulation without DM annihilation.
For mχ ≥ 1 GeV, star formation activity is not affected
by DM annihilation.
3.3. Impact on the 21cm line
The differential brightness temperature δTb against
the CMB is commonly written as
δTb ≈ 27xHI(1 + δ)
(
Ts − Tγ
Ts
)(
1 +
1
H(z)
dv‖
dr‖
)−1
×
(
1 + z
10
) 1
2
(
Ωb
0.044
h
0.7
)(
Ωm
0.27
) 1
2
mK,
(2)
where xHI is the local HI fraction, Ts and Tγ are the spin
temperature and the CMB temperature, respectively, δ
is the local fractional overdensity, and dv‖/dr‖ is the ve-
locity gradient along the line of sight. Although peculiar
velocities can increase the power spectrum by a factor of
two (Barkana & Loeb 2005), we do not choose a line-of-
sight direction herein and neglect the velocity gradient
term in our calculations since we are only interested in
comparing different models. Additionally, we can safely
assume that the Wouthuysen–Field effect is saturated
by z ∼ 11 and therefore set Ts = Tgas. The local HI
fraction xHI is computed by Gizmo for each N-body gas
particle.
Figure 3 shows the spatial distribution of the gas tem-
perature Tgas (top) and the differential brightness tem-
perature δTb. (bottom). The light blue spheres mark
the locations of the haloes, and their radii are given by
5 times the virial radius Rvir. The main effect of DM
annihilation is the heating of the cold HI gas in voids,
which is reflected in the purple hue in the gas temper-
ature plots. For a WIMP of mχ = 10 GeV, the DM
annihilation causes the gas to surpass the CMB temper-
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Figure 3. Gas temperature (top) and 21cm brightness temperature (bottom) at z = 11. The light blue spheres are located at
the centers of mass of dark matter haloes and their radii correspond to 5Rvir. For mχ = 10 GeV, the cold HI gas is universally
heated, causing the 21cm line to be in emission everywhere. For a mχ = 100 GeV particle, DM heating is strong enough to
induce δTb > 0 in vast parts of the filamentary structure, whereas δTb . 0 in voids. Without DM annihilation, only gas in
dense regions (and in particular in haloes) can be seen in emission. An animated version of this figure is available in the HTML
version of this paper, which shows the simulation boxes from different angles and zooms into the boxes.
ature in the entire simulation box, and the 21cm line
is globally in emission. For the 100 GeV WIMP, only
voids remain in absorption, while large regions are in
emission. In contrast, the volume-averaged brightness
temperature in the case without DM annihilation is neg-
ative, and only gas within filamentary structures is seen
in emission.
This is confirmed by considering the distribution of
brightness temperature values per cell, depicted in Fig-
ure 4. The distribution is computed by mapping the
brightness temperature values from the N-body gas par-
ticles onto a regular grid of size 5123 using Shepard in-
terpolation, binning the resulting values, and using a
kernel density estimator. The distribution of δTb peaks
at ∼ −24,−3, and 13 mK without DM annihilation, for
mχ = 100 GeV, and for mχ = 10 GeV, respectively,
while the means are located at ∼ −6, 9, and 18 mK.
The brightness temperature distribution becomes nar-
rower as the DM mass decreases. This is in line with
findings by Valde´s et al. (2013); Evoli et al. (2014) who
show that the 21cm power spectrum is reduced due to
the relative uniformity of DM heating as compared to
heating from astrophysical sources. In our simulations,
a minimum temperature floor of Tgas = 10 K is set for
numerical stability, for which reason the lower end of the
δTb distribution should not be over-interpreted.
4. DISCUSSION
In this paper, we have presented first results from a
suite of hydrodynamic simulations that self-consistently
include annihilating DM in conjunction with baryonic
cooling physics at high redshift. We have analyzed how
the spatial distribution and the T − ρ phase space dis-
tribution of the hydrogen gas at the end of Cosmic
Dawn are affected by annihilating DM. Running hydro-
dynamic simulations instead of resorting to approximate
methods allows us to evaluate the power generated by
DM annihilation as a function of the non-linear local
DM density field and to locally deposit the result DM
heating, without the need for analytic halo mass func-
tions or halo profiles. This is in contrast to previous
investigations of the DM annihilation imprint on the
21cm brightness temperature in literature that assume
a redshift-dependent but spatially homogeneous boost
factor calculated by integrating over analytic models for
the halo mass function and halo profiles, leading to spa-
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Figure 4. Brightness temperature distribution at z = 11.
For mχ = 10 GeV, the 21cm signal is globally in emission,
whereas for mχ = 100 GeV and without DM annihilation,
roughly 2/3 and 1/3 of the simulation box are in emission,
respectively.
tially uniform DM heating. While the commonly em-
ployed Zel’dovich approximation performs well on scales
k . 1 cMpc−1 at z ∼ 11 (see Mesinger et al. 2011, Figs.
2, 3), accurately determining the non-linear DM den-
sity field is particularly important in the context of DM
annihilation which scales as dE/dt ∝ ρ2χ. Moreover,
the IGM evolves decoupled from the DM and is sub-
ject to hydrodynamics in our simulations, thus causing
shock heating which is often neglected when modeling
the 21cm signal, although it constitutes the major heat-
ing source at high redshift (Furlanetto & Loeb 2004).
This makes a direct comparison of our results with ap-
proximate methods such as 21cmFAST challenging: in
our fiducial simulation without DM annihilation, shocks
heat gas bound in structures to Tgas ∼ 104 K despite
baryonic cooling physics and the absence of astrophysi-
cal heating sources, whereas Tgas . 5 K at z ∼ 11 in the
entire IGM using 21cmFAST when X-ray heating from
stars is deactivated.
For investigating how sensitive δTb is with respect to
the localized computation of the DM heating, we ran
simulations in which we replaced the local DM den-
sity in Equation (1) by the average DM density 〈ρχ〉2
at each redshift and deposited the resulting amount of
energy homogeneously into the IGM, mimicking a spa-
tially unresolved treatment of DM heating characteristic
for analytical models. With this simplification, the δTb
distribution becomes slightly narrower as expected, but
the difference towards the localized energy calculation
is small. However, we find that the isotropic 21cm 3D
power spectrum is underestimated by 7% on a scale of
k = 0.1 cMpc−1 in comparison with localized heating for
the 10 GeV case, suggesting that probing DM-baryon
interactions in cosmological simulations will become in-
creasingly important as precise 21cm measurements at
high redshift become available.
SKA1-Low will be able to image regions of ∼ 5′
(10 h−1 cMpc) at z ∼ 11 at a noise level of 10 mK
(Mellema et al. 2015) – below the difference between the
global 21cm brightness temperatures for a 100 GeV ther-
mal WIMP (assuming f = 1) annihilating via s-wave
annihilation and the fiducial model without DM annihi-
lation, which amounts to ∼ 15 mK. Although disentan-
gling DM annihilation from astrophysical signatures in
the 21cm signal is a difficult undertaking, the more uni-
form and slower heating from DM annihilation might be
distinguished from the higher heating rate of astrophys-
ical sources by measuring the gradient dδTb/dν as pro-
posed by Valde´s et al. (2013). Furthermore, the different
shapes of the δTb distributions for varying annihilation
strengths in Fig. 4 suggest that higher moments such as
the skewness, which will be probed by the SKA, may be
leveraged to constrain DM heating. If the unexpectedly
deep absorption trough measured by EDGES (Bowman
et al. 2018) in the global 21cm signal centered at 78 MHz
(corresponding to z ∼ 17) is confirmed by other instru-
ments, this will imply competitive constraints on the
DM particle, as demonstrated by D’Amico et al. (2018);
Liu & Slatyer (2018). The EoR, Cosmic Dawn, and the
Dark Ages are promising epochs to look for the effects
of DM annihilation, and upcoming measurements of the
global 21cm signal, the 21cm power spectrum, and in
particular tomographic 21cm images from the SKA all
have the potential to further constrain the nature of
DM. Cosmological simulations will play a key role for
the interpretation of the future data. We will present
further results covering a broad range of redshifts and
with additional X-ray heating from stars in a subsequent
publication.
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